Purpose: Although robot-assisted coronary artery bypass grafting (RA-CABG) has gained more acceptance worldwide, its success still depends on the surgeon's experience and expertise, and the conversion rate to full sternotomy is in the order of 15%-25%. One of the reasons for conversion is poor preoperative planning, which is based solely on pre-operative computed tomography (CT) images. In this paper, the authors propose a technique to estimate the global peri-operative displacement of the heart and to predict the intra-operative target vessel location, validated via both an in vitro and a clinical study. Methods: As the peri-operative heart migration during RA-CABG has never been reported in the literatures, a simple in vitro validation study was conducted using a heart phantom. To mimic the clinical workflow, a pre-operative CT as well as peri-operative ultrasound images at three different stages in the procedure (Stage 0 -following intubation; Stage 1 -following lung deflation; and Stage 2 -following thoracic insufflation) were acquired during the experiment. Following image acquisition, a rigid-body registration using iterative closest point algorithm with the robust estimator was employed to map the pre-operative stage to each of the peri-operative ones, to estimate the heart migration and predict the peri-operative target vessel location. Moreover, a clinical validation of this technique was conducted using offline patient data, where a Monte Carlo simulation was used to overcome the limitations arising due to the invisibility of the target vessel in the peri-operative ultrasound images. Results: For the in vitro study, the computed target registration error (TRE) at Stage 0 , Stage 1 , and Stage 2 was 2.1, 3.3, and 2.6 mm, respectively. According to the offline clinical validation study, the maximum TRE at the left anterior descending (LAD) coronary artery was 4.1 mm at Stage 0 , 5.1 mm at Stage 1 , and 3.4 mm at Stage 2 . Conclusions: The authors proposed a method to measure and validate peri-operative shifts of the heart during RA-CABG. In vitro and clinical validation studies were conducted and yielded a TRE in the order of 5 mm for all cases. As the desired clinical accuracy imposed by this procedure is on the order of one intercostal space (10-15 mm), our technique suits the clinical requirements. The authors therefore believe this technique has the potential to improve the pre-operative planning by updating peri-operative migration patterns of the heart and, consequently, will lead to reduced conversion to conventional open thoracic procedures.
I. INTRODUCTION
Heart disease is the second leading cause of death in North America. Coronary artery bypass grafting (CABG) is a surgical coronary revascularization procedure for treatment of cardiac diseases. In such a procedure, a bypass conduit is inserted at the region distal to the site of the atherosclerosis,-the location where the fatty plaque is blocking the flow in the coronary artery. While the conventional CABG procedure involves median sternotomy to expose the heart and gain access to the coronary vessels, scientists have been investigating alternative ways to minimize the invasiveness of open-chest CABG and reduce patient morbidity. As an example, Gnahm et al. 1 proposed the integration of preoperative computed tomography (CT) with intra-operative stereoscopic endoscopy to improve the localization of the vessel to be grafted and enhance visualization during guidance. Over the past decade, the use of robotic assistance as a means of reducing the invasiveness of the procedure has experienced increased popularity for CABG interventions. By utilizing the da Vinci surgical robot (Intuitive Surgical Inc., Sunnyvale, CA, USA), the traditional sternotomy is replaced by a minithoracotomy and=or several port incisions, which accommodate the endoscopic camera and robot arms for visualization and tissue manipulation, respectively. 2 Important advantages of robot-assisted CABG (RA-CABG) include minimal incision, resulting in reduced patient trauma, shorter hospital stay, and improved cosmesis. 3 RA-CABG can be performed either on pump, while the patient is connected to cardiopulmonary bypass, or offpump, on the beating heart. Although Bonatti et al. 4, 5 reported that all their patients recovered without any major adverse cardiac or cerebral events following on-pump RA-CABG performed on the arrested heart, this approach may lead to complications such as postperfusion syndrome or arrhythmia due to prolonged use of the heart-lung machine. To minimize these risks, many groups have adopted the offpump RA-CABG approach, [6] [7] [8] [9] [10] leading to approximately 25% increase in its use across North America. 11 However, one major limitation of the robot-assisted technique is the need to convert to open-chest surgery if difficulties associated with access and manipulation are encountered during the intervention. The conversion rate has been reported to be in the range of 15%-25% (Refs. [12] [13] [14] and it has been primarily caused by the inability to access the surgical target with the robotic instruments, lack of adequate workspace inside the thoracic cavity, and instrument collision.
In an effort to reduce the need for conversion, several groups have relied on exploiting the pre-operative CT images routinely acquired prior to these procedures. Figl et al. 15 proposed a method to "highlight" the surgical targets in the endoscopic display of the da Vinci system by overlaying the pre-operative CT image onto the real-time video. Unlike Figl et al., who used the pre-operative image as an intra-operative image guidance tool, Trejos et al. 16 used the preprocedural CT image to identify the optimal port placement configuration that facilitates access to targets and prevents instrument collision during manipulation. To improve robustness, Falk et al. 17 suggested a complete cardiac navigation platform that integrates both patient and robot modeling, surgical planning, as well as an augmented reality overlay of the pre-operative images onto the endoscopic view.
While these approaches rely on a surgical plan based on pre-operative data acquired days prior to the procedure, no attempts have been reported that use peri-operative information to update the pre-operative plan, to better reflect the intra-operative conditions. In order to ensure adequate space for instrument manipulation, the procedure workflow of RA-CABG comprises two "invasive" processes-left lung deflation and CO 2 thoracic insufflation. As a result, the intraoperative location of the heart and surgical targets may differ significantly from those depicted in the pre-operative CT image (Fig. 1) . Thus, by not taking into account these migration patterns, conversion may be required, as the planned access path to the target vessel may be invalidated by the peri-operative heart displacement. Hartung et al. 18 have proposed an image-guided approach which overlays the segmented left anterior descending (LAD) artery-a typical surgical target for CABG procedures, onto the endoscopic video by registering the pre-operative CT to the intraoperative stereo image. Their study, however, was conducted via median sternotomy rather than in a minimally invasive fashion, and hence, the heart displacement induced via openchest access could exceed that induced by robot assistance.
In this paper, we propose a novel method to acquire perioperative images of the heart using tracked ultrasound (US) and predict the intra-operative location of the LAD by registering the pre-operative CT data to the intra-operative US data. For the registration process, an iterative closest point (ICP) algorithm using four anatomical landmarks manually identified from both the CT and US images, were employed. Moreover, the robust statistics were additionally implemented into the registration to improve the robustness from manual segmentations. To demonstrate the feasibility of our technique, while also overcoming the clinical limitation arising due to the invisibility of the LAD in the US images, we conducted both an in vitro validation study in which clinically observed migration patterns were simulated, as well as a clinical validation study using offline data acquired from patients who underwent these procedures. While there are no specific documented recommendations on the port placement accuracy for this procedure, our collaborating cardiac surgeon has recommended a target prediction accuracy on the order of one intercostal space, i.e., 10-15 mm. From the clinical feasibility perspective, this constraint is valid: as long as the intra-operative LAD location is correctly predicted to within one intercostal space from its actual location, it can be reached by repositioning the trocar on either side of the adjacent rib.
II. METHODS

II.A. Clinical procedure workflow
In a typical robot-assisted CABG procedure, a pre-operative CT image of the patient is acquired for surgical planning (Stage CT ). To ensure sufficient work space inside the closedchest, the patient undergoes several "interventions" consisting of intubation (Stage 0 ), deflation of the left lung (Stage 1 ), and thoracic insufflation (Stage 2 ) during the procedure. Figure 2 summarizes the procedure to determine the heart migration during the RA-CABG operation. The workflow for a typical patient is as follows.
A cardiac-gated CT image of the patient's thorax depicting the heart at mid-diastole is acquired as part of a routine pre-operative exam for a patient undergoing RA-CABG. Since the images are acquired with contrast enhancement, they provide reliable information with regards to the shape and location of the major vessels, including the LAD.
During the robot-assisted procedure, 2D transesophageal echocardiography (TEE) is used to acquire images of the patient's heart at each stage of the peri-operative workflow. While TEE is the standard imaging modality for cardiac monitoring during interventions, for this application, the image acquisition is spatially tracked using a gated modified TEE transducer. 19 Surgical tracking technology has become indispensable in image-guided interventions, as it allows surgeons to identify the position and orientation of the instruments and visualize them relative to the anatomy and surgical targets. In spite of the high localization accuracy achieved using optical tracking technology, 20 this application favors magnetic tracking since no direct line-of-sight can be established between the TEE probe inserted in the patient's esophagus and an optical tracking camera mounted overhead. As a result, the NDI Aurora (Northen Digital Inc., Waterloo, Ontario, Canada) magnetic tracking system is employed; the TEE transducer is tracked via a 6 degrees-offreedom (DOF) sensor embedded inside the casing of the probe, while another 6 DOF disc marker is attached to the patient as reference. Using the magnetically tracked probe, US images of the patient's heart are acquired from different views to depict several features of interest at each perioperative workflow stage.
II.B. Estimating peri-operative heart migration
Following the acquisition of the tracked US images during the peri-operative workflow, they are transferred into the CT image space by aligning homologous landmarks identified during the first peri-operative dataset (Stage 0 ) and the pre-operative dataset (Stage CT ). These two stages are physiologically equivalent, because the same patient position is utilized while undergoing dual-lung ventilation, and therefore minimal anatomical variations are expected between them. As a result, heart displacement induced by the interventions can be measured with respect to the principal body axes in the CT coordinate system.
In a previous investigation, 21 the migration of the heart was studied in four patients using a landmark-based registration technique that relied on the mitral and aortic valve annuli to describe the location of the heart. Preliminary data have shown that the heart undergoes substantial displacement following lung deflation and thoracic insufflation, resulting in changes in position on the order of 25-35 mm between the pre-and intra-operative conditions (Fig. 3) .
We have also observed from the same study that the morphology of the valvular structures (i.e., length of short and long axis, valve annulus perimeter and intervalvular distance) remains relatively unchanged throughout the workflow, despite considerable displacement of the heart. Based on the suggested conclusions that no significant nonrigid deformations occurred, our aim is to improve the currentlyemployed landmark-based rigid registration by adding additional constraints near the base and apex of the heart, to yield optimal alignment along the surgical target-the LAD coronary vessel. 
II.B.1. Predicting target vessel location
Since the LAD can only be identified in the pre-operative CT image and not in the peri-operative US images, its intraoperative location must be inferred from the pre-operative data. Therefore, four anatomically relevant landmarks that can be easily identified from both CT and US are used to assist in the pre-to intra-operative registration: the left coronary ostium (LCO), the mitral valve annulus (MVA), the aortic valve annulus (AVA), and the left ventricular apex (LVAp).
The LAD begins at the LCO and typically runs toward the LVAp, while the MVA and the AVA are located on either side of the starting point of the LAD. The MVA and the LVAp are captured from midesophageal-four-chamberviews at 20 increments from 0 to 180 , while the AVA and the LCO are viewed from five long axis view images at 10 increments, and one short axis view of the aorta at 30 . These landmarks are manually defined by an expert anesthetist on both CT and US images using a custom-developed landmark extraction tool incorporated into the ATAMIVIEWER Software platform (Atamai Inc, Calgary, Canada). This platform enables the visualization of 3D CT and 2D US images, as well as the accurate selection of anatomical landmarks and features directly on the images (Fig. 4) : the MVA and the AVA are delineated as rings, while the LCO is identified as a point, and the LVAp as a paraboloid. Finally, the path of the LAD is also traced on the pre-operative CT dataset.
II.B.2. Pre-to intra-operative landmark-based registration
Two rigid-body registration algorithms that employ the four anatomical landmarks were investigated in this work: the former treats the extracted landmarks as single points with empirically-assigned weighting factors; the latter relies on a modified ICP approach to align the four landmarks in the homologous datasets.
II.B.2.1. Weighted landmark-based registration. After the four anatomical landmarks are identified in the pre-and peri-operative datasets, as a means to reduce the variability associated with their manual segmentation the landmarks are treated as single points as follows: the LCO, the centroids of the MVA and AVA, and the vertex (i.e., the global minimum) of the LVAp segmented surface. Moreover, treating these landmarks as single points had the added benefit of reducing processing time.
Simple landmark-based registration was performed using the four landmarks, followed by the minimization of the Euclidean distance between the LCO and LVAp using downhill simplex optimization 22 ; these two landmarks-LCO and LVAp, were selected as the primary constraints for the registration given they bound the superior and inferior ends of the LAD.
II.B.2.2. Robust ICP-based registration. The second registration technique employed the complete geometry of the anatomical landmarks consisting of the LCO, two 3D closed curves describing the MVA and AVA, and a parabolic structure defining the "cap" of the left ventricular apex. For better accuracy, a virtual surface model of the left ventricle apex was generated from the pre-operative CT dataset along with the intra-operative landmarks.
The robust ICP-based approach is an extension of the traditional ICP algorithm employing Horn's method to compute the registration transform, 23, 24 with the addition of a robust estimation technique. 25 The purpose of the robust estimator is to reduce the effect of outliers within in the datasets-in this case resulting from inconsistencies in the extracted landmarks due to manual segmentation-may have on the overall registration. Tukey's biweight was used as a robust estimator, as it is considered to provide reasonable performance across a wide range of three-dimensional data. 25 The robust estimator assigns weights to each point based on the residual error between the registered source and target points after each iteration, and it also effectively discriminates against outliers whose residual error exceeds a certain value by assigning them zero weights. 26 The estimated weights are then used in Horn's method to compute the transform.
II.C. In vitro experimental validation
Since the LAD cannot be identified in the peri-operatively acquired US images, a validation of the proposed registration techniques was conducted through several validation experiments, including an in vitro beating heart phantom experiment, a clinical study, as well as a clinical simulation study.
II.C.1. Experimental apparatus
The in vitro study was conducted on a heart phantom (The Chamberlain group, Great Barrington, MA, USA) and the apparatus was set up in a similar configuration to that FIG. 3 . Graphical representations of the heart migration during RA-CABG procedure displayed using whole-heart blood pool segmentions from CT data: (a) observed in the operating room (OR). Heart migration patterns similar to those observed in our preliminary clinical study 21 were simulated in vitro by changing the position and orientation of the phantom to mimic the observed perioperative displacements. Sixteen CT-visible fiducials were attached to the surface of the heart phantom: ten were used to perform the physical-to-image space registration and the remaining six were used to outline the LAD path [ Fig. 5(a) ]. The position of the heart phantom was tracked throughout the experiment using a 6 DOF NDI magnetic sensor attached to the phantom, while another 6 DOF disc marker was rigidly attached to the table to serve as a global reference.
II.C.2. Image acquisition
A pre-operative CT image of the phantom was acquired on a GE 64-slice LightSpeed VCT scanner (General Electric, Milwaukee, WI, USA) and a virtual model of the phantom was generated using automatic segmentation tools available in ITK. 27 Peri-operative US images of the phantom were acquired using the magnetically tracked TEE probe described in Sec. II A. The position and orientation of the phantom was changed twice to simulate the lung deflation and thoracic insufflation; representations of the four landmarks-LCO, MVA, AVA, and LVAp-were imaged three times at each of the three workflow stages, and also the entire protocol was repeated three times resulting in nine sets of images.
Once all the images were collected, the landmarks were extracted using a custom-developed segmentation tool. All landmarks were defined in the same 3D coordinate space: the LCO was identified as a single marker, the MVA and AVA were segmented as 3D "rings," and the LVAp was segmented by manually tracking the epicardial contours of the apex in each of the 2D US images (Fig. 5) . Lastly, the location of the LAD vessel was also delineated on the pre-operative CT image using the six fiducial markers, while its peri-operative location would be inferred using the proposed registrations techniques.
II.C.3. Computing LAD target registration error
The six fiducials that marked the LAD path were used to assess the target registration error (TRE) between the predicted LAD location and its gold-standard location at each stage in the workflow. As explained above, the heart phantom was registered to the pre-operative CT images using ten CT-visible fiducials attached on the surface of the phantom. The gold-standard location of the seven fiducials used to discretize the LAD was determined at each stage in the workflow using a magnetically tracked pointer tool, with a tracking accuracy on the order of 1 mm. 28 The predicted LAD location was identified by registering peri-operative US images to pre-operative CT images as described in Sec. II.
II.D. Clinical Validation
As a follow-up of the in vitro study, a clinical validation study was conducted using offline data acquired from four patients who had undergone RA-CABG and the Monte Carlo simulation method was used to estimate the maximum TRE at the LAD. While the intra-operative imaging could have been provided by a cone-beam CT scanner, this modality was not available to us. Moreover, its use would add a modality not normally employed for CABG procedures, and subject the patient to unnecessary radiation dose.
For each patient, a pre-operative CT and three-stage perioperative US images were acquired as described in Sec. II A. Following image acquisition, the four anatomical landmarks were extracted by an expert anaesthetist, while the LAD was segmented only from the CT image. Perioperative landmarks at each stage were registered to the pre-operative stage by robust ICP-based registration, which was shown to be superior to the landmark-based registration approach (Table I) .
II.D.1. Assessing target vessel location
For the in vitro study, the accuracy of the proposed registration algorithms in predicting the intra-operative LAD vessel location was assessed as the TRE computed along the LAD. However, since the gold-standard location of the LAD could not be identified from the US images in our clinical data, we resorted to computing the fiducial registration error (FRE) of the landmarks of interest and conducting a series of Monte Carlo simulations to estimate the TRE at the LAD based on the FRE computed above.
Given that the LAD branches off at the left coronary ostium and proceeds toward the apex of the heart, in the simulation study, the displacement of the LAD was constrained by the displacement of these two landmarks. As the FRE of these landmarks were computed, the maximum TRE at the LAD can be estimated and assessed against the clinically tolerable error (10-15 mm) . The shape of the LAD was delineated from each patient's CT data and the vessel was defined as 14 sequential landmarks [ Fig. 6(a) ]. For peri-to pre-operative stage registration, the computed maximum FRE of the LCO and LVAp was used as boundary conditions for the simulations. The displacement for the superior end of the LAD (closely located to the LCO) was bounded by the maximum FRE of the LCO, while the displacement for the inferior end of the LAD (closest to the LVAp) was constrained by the maximum FRE of LVAp. The peri-operative migration patterns of the LAD were modeled as a rigid-body transformations consisting of a translation and rotation component. Since the purpose of this study was to estimate the "maximum" TRE at the LAD, the translation was randomly generated, while ensuring both ends of the LAD were constrained within the maximum boundaries set by the FRE at the LCO and LVAp. Considering the curvature of the LAD across the surface of the heart, the rotation component was approximated as a rotation about an axis defined by the superior and inferior ends of the LAD with a ramdonly generated angle within a range of 30 [ Fig. 6(b) ].
III. RESULTS
III.A. In vitro experimental result
In the in vitro experiment, three peri-operative RA-CABG procedure workflows were simulated. For each of these nine poses, we acquired three sets of tracked US images, defined the landmarks of interest and used the two different proposed registration algorithms (weighted landmark-based registration and robust ICP-based registration) to predict the intra-operative LAD vessel location based on its pre-operative location. The TRE between the actual locations of the LAD target fiducials (the ground truth) and their predicted locations from the registration were computed for each of the stages (Stage 0 , Stage 1 , and Stage 2 ) in the pre-operative CT images (Fig. 7) . Table I summarizes the overall TREs computed from two registrations between the three stages, indicating that the robust ICP-based registration outperforms the weighted landmark-based registration at all stages. Also, for a visual interpretation of the LAD TRE, Fig. 8 shows the virtual model of the heart phantom along with the gold-standard and predicted LAD paths of the robust ICP-based and landmark-based registration. Lastly, Table II includes a summary of the RMS localization error associated with the identification of each of the four landmarks: LCO, LVAp, MVA, and AVA.
III.B. Clinical validation results
We also conducted a clinical validation based on the offline patient's data to validate the proposed registration in a more clinically representative fashion. Pre-operative CT and peri-operative US images of four patients undergoing RA-CABG were acquired and the AVA, MVA, LCO, and LVAp were extracted. The robust ICP-based registration was employed to register the peri-operativ e stages to their pre-operative couterparts. Table III summarizes the overall FRE of the landmarks employed in the registration.
III.C. Simulation study result
The results of the simulation study are shown in Fig. 9 . The simulations were conducted using the Monte Carlo method and were used to estimate the TRE at the LAD following the peri-to pre-operative registration, using the maximum FRE of LCO and LVAp, respectively, as described in Sec. II D 1. A total of 10 000 runs were conducted for each simulation.
IV. DISCUSSION
Although the correct identification of the intra-operative location of the LAD is crucial for the success of RA-CABG interventions, traditional procedure planning is based solely on pre-operative data. Following the findings of a recent clinical study reporting substantial peri-operative migration of the heart during the robot-assisted interventional workflow, this work proposes and evaluates the performance of a new approach that helps predict the intra-operative LAD location based on its pre-operative identification.
IV.A. In vitro experiment
A robust ICP-based registration algorithm was proposed and compared with our previous weighted landmark-based registration 29 in the context of this study. While the weighted landmark-based approach was limited to the use of four anatomical landmarks for registration, the robust approach used the complete geometry of the landmarks of interest. Both registration techniques were used to predict the perioperative LAD location at each pose in the workflow; according to the TRE computed along the LAD, the robust ICP-based approach outperformed the landmark-based approach, leading to an overall RMS TRE of 2.6 versus 4.6 mm, respectively (see Table I ). However, the trend of slightly higher errors closer to the apical end of the LAD was observed in both approaches, and it is mainly a result of the difficulties in identifying the left ventricular apex from the collection of 2D US images. Nevertheless, considering that the anastomosis is performed two thirds of the way from the left coronary ostium toward the apex and the clinically tolerable error is on the order of 10-15 mm, the accuracy provided by the proposed techniques (i.e., robust ICP-based and weighted landmark-based registration) is well within the allowable boundaries. However, Table II showed that the localization of the LVAp was consistently challenging in the weighted landmark-based registration, because it is hardly possible to represent the landmark with a single point. Since in vitro US images tend to have better image qualities compared to in vivo images, the in vivo point-based localization on these landmarks would worsen the performance of the registration. As the result, the robust ICP-based registration was used over weighted landmark-based registration for further validation studies.
IV.B. Clinical validation
Although the in vitro study showed that the robust ICPbased registration yields a reasonable peri-to pre-operative registration accuracy, its performance still needs to be evaluated in a more clinically relevant scenario. Since the acquisition of intra-operative CT is necessary in order to attain intra-operative gold-standard locations, in vivo animal experiments was initially considered over experiments on patients, which is unable to use intra-operative CT. However, it involve complex interventions such as lung deflation and chest insufflation which might cause premature loss of the subject prior to the end of the procedure. As a result, patient data acquired for four RA-CABG patients were used to conduct a clinical simulation study. The major limitation of the clinical data was that the target vessel is not usually visualized on the peri-operative US images because of resolution, which in turn impedes the estimation of the TRE between the predicted and true target vessel. To address this issue, a series of Monte Carlo simulation were conducted. The LAD is anatomically bounded by the LCO at its superior end and the LVAp at its inferior end. Since the FRE of these landmarks can be estimated from the registration, these values were used to constrain the maximum displacement of the LAD at its two ends during the simulation. For each peri-operative stage, the maximum TRE at the LAD was estimated through the simulation and is displayed in Fig. 8 , yielding a maximum TRE at the anastomosis site of 4.1, 4.9, and 3.4 mm at Stage 0 , Stage 1 , and Stage 2 , respectively. Recalling that the purpose of the simulation study was to examine whether the TRE of the LAD exceeded the given clinical tolerance (10-15 mm), these results confirmed that the robust ICP-based approach performs adequately in registering the peri-to pre-operative dataset, yielding a less than 5 mm clinical registration accuracy.
IV.C. Future challenges
Under the current protocol, the US image acquisition at each pose in the workflow is conducted during the procedure, while all landmark identification and registration is performed off-line. Although registration can be performed in nearly real-time, the major drawback is feature extraction, which takes several minutes to be complete, leading to difficulties in segmenting the required landmarks in real-time during the procedure. To perform real-time registration, automated landmark segmentation is necessary, and our lab is currently working on the development of automatic segmentation techniques for the left ventricle and valvular structures.
From a broader perspective, this work is aimed at improving planning and reducing the conversion to conventional open thoracic surgery by identifying an optimal port placement. Recalling that an optimal port placement should be determined during the pre-operative planning stage, the intra-operative locations of the LAD should rather be "predicted" than "observed" prior to the procedure. The prediction can be achieved by using a statistical atlas that incorporates information on the heart migration patterns and intra-operative LAD locations identified from previous RA-CABG patients. A statistical atlas would eventually guide to find an optimal port placement at pre-operative stage without the use of any intra-operative imaging modalities (i.e., TEE), while the accuracy of the prediction could be warranted by selecting the right subset of the atlas according to a specific classification, similar to the one employed by Aljabar et al. 30 This technique is typically employed in neurosurgery; however, it has been extended to cardiac procedure. [31] [32] [33] [34] V. CONCLUSIONS Driven by the clinical need to improve pre-operative planning for RA-CABG procedures, we have proposed a technique used to identify the intra-operative LAD vessel location based on the pre-operative data. Two different registration techniques were discussed and validated both in vitro, as well as in a more clinical fashion by simulating the typical RA-CABG procedure workflow. The robust ICPbased registration yielded a 2.6 mm RMS TRE while weighted landmark-based registration yielded a 4.6 mm RMS TRE, suggesting that the use of the full extent of the selected landmarks leads to better accuracy in predicting the LAD location. The robust ICP-based registration technique was further validated on patient data, as well as via Monte Carlo simulations; the results demonstrated a maximum estimated TRE within 5.0 mm at the site of anastomosis, which is within the clinically allowable error for the intended application. Supported by our current efforts to implement these developments into the workflow of RA-CABG interventions, we believe this work has the potential to improve preoperative planning of these procedures and consequently lead to a reduced rate of conversion from minimally invasive to traditional open-chest surgery.
